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Single-wall
�

carbonnanotube� SWNT
� �

bends,with diametersfrom 	 1.0 to 2.5nm andbendanglesfrom 18°
to



34°, areobservedin catalyticdecompositionof hydrocarbonsat 600–1200°C. An algorithmusingmolecu-
lar
�

dynamics � MD  simulation techniquesis developedto model thesestructuresthat are consideredto be
SWNT
�

junctions formed by topological defects � i.e., pentagon-heptagonpairs� .� The algorithm is used to
predict the tubehelicitiesanddefectconfigurationsfor bendjunctionsusingthe observedtubediametersand
bendangles.Thenumberandarrangementof thedefectsat the junction interfacesarefound to dependon the
tube helicities and bendangle.The structuraland energeticcalculationsusing the Brennerpotentialshow a
numberof stablejunction configurationsfor eachbendanglewith the 34° bendsbeingmorestablethan the
others.Tight-binding calculationsfor local densityof stateand transmissioncoefficientsare carriedout to
investigateelectricalpropertiesof the bendjunctions. � S0163-1829� 98� 05620-3

� �

I.
�

INTRODUCTION

Recently,Dai et� al.1 reportedsingle wall carbonnano-
tubes
� �

SWNT’s
� �

produced� by molybdenum-catalyzedde-
composition� of carbonmonoxideat 1200°C. Thatwork pro-
vides� the first experimentalevidenceof SWNT’s produced
by
�

preformedcatalytic particles. It has been shown more
recently 2 that

�
similar SWNT productionalsocanbeachieved

using! other catalyst particles and hydrocarbonsat 600–
1000°C. Moreover, the isolated SWNT’s grown in these
processes� offer deepinsight into someinterestingstructures.
For
"

example,isolatedSWNT sharpbends,asshownin Fig.
1, have beenfrequently observed.2 Most

#
show clearly de-

finedbendanglesof $ 18°,26°,and34°,with tubediameters
between
� %

1 and2.5 nm, but theotherbendanglesmight be
present.�

Individual
&

andbundledSWNT’s,grownby arcdischarge3
'

and( laserablation4
)

methods,are also often in bent, coiled,
and( evenseamlesstoroidalconfigurations.However,in these
cases� thecontinuousvariationsin thecurvaturesaredifferent
from
*

those in Fig. 1, and attributedto elastic bending.In
contrast,� complex multiwall nanotube + MWNT , bends

�
are

observed- asfree-standingstructures,5
.

helices,
/ 6

0
and( L

1
,2 Y ,2 and

T branches,
� 7

3
when4 grown by the arc dischargeand catalyst

particle� methods.Theseare believedto be nanotubejunc-
tions
�

with topological defects,such as pentagon-heptagon
pairs,� at thejoints.A nanotubecanbeeithera semiconductor
(
5
S
6

)
7

or a metal(M
8

)
7
, dependingon its helicity anddiameter.8

Thus,a bendconnectingtwo SWNT’s canbea M -M ,2 M -S
6

,2
or- S

6
-S
6

heterojunction.This has stimulateda great deal of
interest in proposing SWNT junctions as nanoelectronic
devices.
9 9

:
The catalystparticlemethodfor growing SWNT’s

may; provide exciting opportunitiesfor making SWNT het-
erojunctions.<

Topological defects changethe tube helicity or chiral
angle( whenintroducedat theendof a growingnanotube.As
a( result, a junction connectingtwo different nanotubesis

formed.
*

It is not clear by what mechanismstopologicalde-
fectsareintroducedandstabilizedin a growingSWNT in the
catalyst� particleprocessratherthanin thecarbonarcor laser
ablation( processes.However, it seemsthat physical and/or
chemical� interactionsbetweenMWNT layers or tubesand
catalyst� particlesplay a role in the formationof defectsand
bend
�

structures.This is becausesharpbendsare observed
more; frequently in MWNT’s = with4 interlayer interactions>
than
�

in SWNT’s, and in the catalystparticle methods? with4
tube-catalyst
�

particle interactions@ than
�

in the arc and laser

FIG. 1. RepresentativeTEM and atomic force microscopyA
AFM BDC insert

E F
images
E

of the isolatedSWNT bends,grown in cata-
lytic decompositionof hydrocarbonsat 600–1200°C. Threetypical
bendanglesare G aHJI 34°, K bL 26°, and M cN 18°.
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methods; Z with4 catalystsexistingasvapor[ .1–6 Some
�

phenom-
enological< growth mechanismmodelshave beenproposed
for the formation of topological defectsand bendson the
catalyst� particles.10

In
&

this work, our goal is to characterizetheobservedbend
structures\ ratherthansuggestothermechanismsfor their for-
mation.It is possible,but very difficult at presentto experi-
mentally; determinethetubeconstituentsandtheexistenceof
the
�

defectsin the observedSWNT bends.Therefore,we use
computer� modeling tools to explore the possiblestructural
and( electricalpropertiesof the observedSWNT bends.The
modeling; resultsare expectedto help further experimental
studies.\

II. MODEL CONSTRUCTION

The
]

30° or small angle ^ 0_ –15°̀ bends
�

were modeledby
Dunlap11 and( Chico et� al.,2 9: respectively,usinga maximally
separated\ anda fusedpentagon-heptagonpair alongthe tube
circumference� at the joint of two tubes.They did not char-
acterize( the observed18° and 26° bends.In fact, Dunlap’s
30°
a

planarbendconstructionactuallymodelsa larger-angle
bend
�

asshownbelow.Therefore,we developanalgorithmto
model; 0–60° bendjunctionsusing pentagon-heptagonpairs
to
�

connecttwo tubes.This algorithm may be consideredto
be
�

an extensionof Dunlap’sconstructions.
Figure2b b�dc shows\ a Dunlap30° planarbendconstruction

that
�

will leadto a bendjunction of tubes e 10,0f and( g 6,6
hji

. It

shows\ a perfect topological match betweentwo graphene
sheets\ with half-pentagonandhalf-heptagonat two edgesk Al
and( B m of- the joint line AB. The30° tubebend n Fig. 2o c�Yprq is
obtained- when thesetwo sheetsare rolled over. The atoms
around( the joint line AB in the tubebend,however,arenot
chemically� bonded s the

�
nearestatom distancest 1.8Å u if

v
the
�

chemicalbonding wrx 1.42Å in bondlengthy in
v

bulk tubes
and( the30° bendanglearekept.Thestraightline AB on- the
planar� sheetis separatedinto two curves,AB1 andAB2, on
the
�

tube surfaces.In order to chemicallybond theseatoms,
an( additionalsmall-anglebendingis needed.Thus, the tube
bend
�

angle z|{ Fig.
"

2} d9d~�� is
v

largerthanthe planarbendangle�
0
� .

The Dunlap methodcan be extendedto constructother
bends,
�

aswell. We find that theplanarbendangle � 0
� can� be

related to the helicitiesof two tubes(m� 1 ,2 n� 1)
7

and(m� 2
� ,2 n� 2

� ).7
That
]

is,
�

0
�������

1 ��� 2
�d� ,2 � 1�

�
i � tan
��� 1 �J� n� i /

���
2
�

m� i � n� i �¡  ,2 ¢ 2�d£

d
¤

i ¥§¦ a¨ c©«ª c© ¬ m� i
2  n� i

2 ® m� in
�

i ¯ 1/2/
�±°

,2 ² 3ad³
where,4 ´

i and( d
¤

i are( the chiral angleand diameterof tube
(
5
m� i ,2 n� i)

7
anda¨ c©«µ c© is the bondlength.

Equation
¶ ·

1̧ shows\ that the bendanglecanbe either the
sum\ or the differenceof two chiral angleswhile other pos-
sibilities\ mayexist.Thus,a bendfollowing Eq. ¹ 1º can� have
a( bendanglefrom 0 to 60° as the chiral angleof one tube
takes
�

valuesfrom 0 to 30°.For » 0
�½¼ 30°

a
, theaboveequations

are( simplified to Dunlap’s relation,11 after( simple triangle
function operationson Eqs. ¾ 1¿ and( À 2Á :

m� 2 Â n� 2 Ã m� 1 Ä 2n� 1 Å /�¡Æ m� 1 Ç n� 1 È . É 4Ê
If
&

n� 1 Ë 0,
_

then m� 2 Ì n� 2 . This indicatesthat a zigzag tube
(
5
n� 1,0)2 andanarmchairtube(m� 2

� ,2 m� 2
� )7 alwayscanmakeup a

30°
a

bend.The junction (10,0)
7
/(6,6) shownin Fig. 2 is one

example.<
Equation
¶ Í

1Î can� be used to find the tube helicities,
(
5
m� 1 ,2 n� 1 ;m� 2 ,2 n� 2)

7
, in a bendjunction for thegivenbendangle

and( tubediameters,for example,from the observedimages
as( shownin Fig. 1. Sincethe four unknownsare relatedto
only- threeindependentequations,we may find a numberof
tube
�

helicitiesfor the given bendangleandtubediameters.
Giving
Ï

one set of tube helicities, we follow the steps
shown\ in Figs. 2Ð a(YÑ –2Ò d9dÓ to

�
model a bend junction. A 30°

planar� bend always can be drawn in a graphenesheet,as
shown\ by Dunlap.11 The otherbends,however,haveto start
from
*

two graphenesheets,asillustratedin Fig. 2Ô a(YÕ . Thetwo
sheets\ are cut by lines AB1 and AB2, respectively,with
AB
l

1 Ö AB
l

2
�

and × B
Ø

1AB
l

2
�ÚÙ�Û

0
� . Theplanarbend Ü Fig.

"
2Ý b�dÞ�ß

formed in this manner is found to be connectedby only
pentagon-heptagon� pairs in most casesà see\ Fig. 3á ,2 but in
some\ casesalsoby other typesof defectssuchas four- and
eight-member< rings, dependingon wherethe sheetsare cut
and( joined. Then the planarbendis rolled over to form the
tube
�

bend â Fig. 2ã c�åä�æ . The tube bendalso can be madeby
creating,� cutting, and connectingtwo straight tubesinstead
of- two sheets.However,we find that two tubesarenot topo-
logically matchedin this case.In otherwords,theuseof the
planar� bendconstructionensuresthe right spç 2 bond

�
connec-

tions
�

while the planarbendangleis smallerthan the actual

FIG. 2. Constructionof a SWNT bendjunction è 10,0;6,6;36°é .�ê
aë and ì bíYî , two graphenesheetsareconnectedto form a 30° planar

bend; ï bíYð andH ñ còJó ,ô the planarbendis rolled over to form a 30° tube
bend;and õ còJö and ÷ dø , the 30° bendis relaxedto a 36° bendvia a
MD run. The s j , m jù , andi betweenfour brokenlinesrepresentthe
unitú cells of two terminal tubesandthe junction interface.
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tube
�

bendangle.In contrast,directly cuttingandjoining two
tubes
�

may not ensurethe bond connectionsamongatoms
around( the joint interface.

Steps
� û

c�Yü – ý d9dþ are( performedusinga molecular-dynamicsÿ
MD
# �

simulation\ basedon the Brennerempiricalpotential.12

This potentialreliably describeschemicalbondingin graph-
ite, and straightand toroidal nanotubes,13 and( thereforeal-
lows
�

us to seekstabledefectconfigurationsandstablebend
structures.\ The MD simulationis carriedout at 1000°C. At
this
�

temperature,the strainedtubebends � Fig. 2� c����� quickly�
change� to the relaxedstructures	 Fig. 2
 d9��� .

Using
�

the abovealgorithm,we havebeenable to model
and( characterizea variety of SWNT bendjunctionswith the
bend
�

anglesfrom � 0 t
_

o � 60°.
h

In this presentwork, we take
that
�

d
¤

1 � d
¤

2
���

1.36nm� 3
a

% and ��� (
5
18°,26°,34°) � 1° to

model; the observedSWNT bends.The resultsare summa-
rized in TableI. The relaxedbendanglesandenergieswere
obtained- from a energyminimization starting with relaxed
structures\ from the MD simulations.

III. BEND STRUCTURES

It
&

canbe seenfrom Table I that the relaxedbendangles
are( always larger than the planar bend angles,by roughly
3
a

–4°. The bendanglesare � 34,
a

26, and18° for the relaxed
bends
�

from the initial valuesof � 30,
a

23, and 15°, respec-
tively.
�

For smaller diametertubes, this difference is even
larger,about6–8°, basedon our simulationsfor bendjunc-

tions,
� �

6,6
h��

/
���

10,0 ,2"! 5,5
#%$

/
��&

9,0
'%(

,2") 5,5
#�*

/
��+

6,4
h�,

,2 and - 5,5
#�.

/
��/

7,3
0�1

.
The
]

differencebetweenthe planarbendangleand the tube
bend
�

anglewaspreviouslyexplainedusingFig. 2. If a tube
diameter
9

is large enough,the bend angle doesnot change
muchbeforeandafter thegraphenesheetis rolled over.That
is,
v

thedifferencebetweentheplanarbendangleandthetube
bend
�

angledecreaseswith increasingtubediameter.The re-
laxed tube bendanglealso dependson interatomicinterac-
tions
�

or the interaction potentials.For example,the bend
angles( of 2 9,0

'�3
/
��4

5,5
#�5

and( 6 10,07 /��8 6,6
h�9

were4 found to be 40°
and( 37°, respectively,usinga simpleempiricalpotentialbut
only- 36° for : 9,0

'�;
/
��<

5,5
#�=

using! a semiempiricalmolecular-
orbital- calculation.14

Now
>

we characterizetheSWNT bendstructuresshownin
TableI. A SWNT is describedby the tubehelicity (m� ,2 n� ) o

7
r

geometry? (d
¤

,2A@ )
7
. Mechanicalandelectricalpropertiesof the

SWNT
�

have beenshown to be a simple function of these
structural\ or topologicalparametersif the SWNT is defect
free,
*

i.e., a perfect carbonhexagonalnetwork. Similarly, a
bend
�

junction canbe characterizedby (m� 1 ,2 n� 1 ;m� 2 ,2 n� 2 ; B ) i
7

f
these
�

parametersare also relatedto the atomic structureat
the
�

joint interfaceor the defect configurationsat the joint
such\ as the numberandarrangementof topologicaldefects.
In the following discussion, we define a junction by
(
5
m� 1 ,2 n� 1)/(

7
m� 2 ,2 n� 2)

7
anda bendby C only.-

Table I showsthe dependenceof the bendangleon the
numberD of defect pairs in bend junctions.The numbersof
pentagon-heptagon� defectpairsrequiredfor forming 34, 26,
and( 18° bendsareone,three,andfive, respectively.A bend
can� havedifferent junctions E e.g.,< a 34° bendhasfour differ-
ent< junction configurationsF . A junction also can have two
bend
�

angles, G 1 HJI 2 and( KML
1 NJO 2 P ,2 becauseof the depen-

dence
9

of the bendangleon the numbersof defects.For ex-
ample,( junction Q 17,1R /��S 11,9T in

v
TableI hastwo bendangles,

34°
a

( U 0
�WVJX

1 YJZ 2 [ 29.5°) and 26°( \ 0
�^]`_Ma

1 bJc 2 dfe 23.9°).
Figure
"

3 alsoshowsthedependenceof thebendangleon the
arrangement( of defects.One pentagon-heptagondefectpair
can� leadto a 34° bendjunction g 10,10h /��i 17,0jlk Fig. 3m a(�n�o or- a
4° bendjunction p 10,10q /��r 11,9sut Fig. 3v f w�x when4 separatedto
the
�

oppositesidesof the junction or fusedat the joint cir-
cumference.� Similarly, two defectarrangementscanresultin
a( 8° bend junction y 10,10z /��{ 12,8|~} Fig. 3� e<���� if two fused
pentagon-heptagon� pairs are used, or a 30° bend if one
pentagon-heptagon� is fusedandtheotheroneis separatedin
the
�

mannerasshownin Fig. 3� a(�� . Thus,thesamenumberof
defects
9

canleadto differentbendanglesbecauseof different
arrangements( of defectsat the junction interfaces.

We
�

now give someinsight into the defectconfigurations
at( thebendjunctioninterface.A commonfeatureto all bends
is that the defectsarealignedalongthe joint circumference.
A defectcanbe separatedor fused,leadingto a largeror a
smaller\ bendangle � e.g.,< Fig. 3� a(�� versus� 3� f*f��� . The two ar-
rangements in Figs. 3� a(�� and( 3� f*f� were4 originally proposed,
respectively,by Dunlap11 and( Chico et� al.9

:
All the bendsin

TableI arefoundto beformedonly by oneof thesetypesof
pentagon-heptagon� pairs, as illustrated in Fig. 3. Thus, a
fused
*

and a maximally separateddefectalong the joint cir-
cumference� arethebasicconstructionunitsandthecommon
featuresof thebendjunctions.Startingfrom a 34° bendwith
a( maximally separateddefect � Fig.

"
3� a(���� ,2 addition of fused

FIG. 3. Examplesof simulatedSWNT bends. � aH�� :� a 34° bend
hasonepentagonandoneheptagonin theoppositesitesof thejoint;�
b
í��

– � d� : a 26° bendhasthreepentagon-heptagondefectswith one
in opposite sites and the other two defects � fused pentagon-
heptagonpairs� in different arrangements;� e��  aH 8° bend has two
fuseddefects;and ¡ f ¢ aH 4° bendhasonly onefuseddefect.
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defects
9

leadsto a smallerbendangle £ Figs.
"

3¤ b��¥ –3¦ d9�§�¨ . In
contrast,� from the 4° bend with one fused defect, adding
morefuseddefectsresultsin a largerbend © Fig. 3ª e<�«�¬ .

Theremay be a numberof defectconfigurationsfor two
or- more fuseddefectsin a bendjunction. For example,the
bend
�

junction,  10,10;16,2;26°® ,2 hastwo fuseddefectssepa-
rated ¯ Fig. 3° c��±�² or- fused ³ Fig. 3́ d

9¶µ�·
at( onesideof the joint

interface.The two defectsseparatedby onehexagonin Fig.
3
a¹¸

c��º also( can be separatedfurther, as shown in Fig. 3» b��¼
where4 two fusedpentagon-heptagondefectsarearrangedin
the
�

oppositesitesat the joint interface.
Theaboveshowthat theatomicstructuresof a bendjunc-

tion,
�

including defectconfigurationsandtubehelicities,can
be
�

predictedif the bendangleand tube diametersare mea-
sured\ from the observedimages.The tubehelicitiesandthe
bend
�

anglecanbeusedto characterizea bendjunctionstruc-
ture
�

asit is relatedto thenumberandarrangementof defects
at( the joint. All the simulatedbendsin this work areformed
from the maximally separatedand/or fused pentagon-
heptagondefects.Therecanbe a numberof defectarrange-
ments; for a given bend junction. Energy minimization is
neededD for further identificationof thesestructures.

IV. BEND ENERGETICS

All
½

the bendsshownin Table I are stablein that the to-
pological� defects,once formed in a MD simulation, keep
their
�

arrangementupon energy minimization in molecular
mechanics; calculations.The fifth column in Table I shows
the
�

minimizedenergiesper atomfor the selectedbendcon-
figurations
¾

with cappedends.The end cap is half of a C240
�

fullerene
*

moleculefor a ¿ 10,10À tube.
�

For other tubes,it is
constructed� by distributing six pentagonsas uniformly as
possible� in a hexagonalnetwork. There were about 1000
atoms( for eachbendmodelusedin the energyminimization
calculations.� Using a similar molecularmechanicscalcula-

tion,
�

the binding energywas found to be Á 7.3482
0

eV/atom
for
*

an infinitely long Â 10,10Ã tube,
� Ä

7.3166
0

eV/atomfor a
short\ Å 10,10Æ tube

�
with endcaps Ç 926

'
atomsÈ ,2ÊÉ 6.9873

h
eV/

atom( for fullereneC60
0 ,2 and Ë 7.2145

0
eV/atomfor fullerene

C
Ì

240
� . We seefrom TableI that the energiesper atomof the

various� junction modelsareslightly higher than the Í 10,10Î
tube
�

energy.
Comparison
Ì

basedonly on energyper atom is not well
defined
9

unlessthenumberof atoms,tubediameters,andend
cap� configurationsare identical in the structuresbecauseall
these
�

factorsmakethecontributionto thetotal energy.How-
ever,< one can expect that the bend energydecreaseswith
decreasing
9

numberof defects.This canbe illustratedfor the
junction
Ï Ð

17,1Ñ /��Ò 11,9Ó ,2 shown in Table I. This junction has
two
�

bendangles,34° and26°. It is found that the 34° bend
with4 onedefectis 0.0041eV/atommorestablethanthe 26°
bend
�

with threedefectsalignedon onesideof joint circum-
ference.
*

Consideringthat this extra energyis resultedfrom
only- two additional defects Ô 10 atoms for one fused
pentagon-heptagon� Õ ,2 thetotal energydifferenceis quite largeÖ�×

1000Ø 0.0041/2
_ Ù

2 eV/defectrelative to two fusedhexa-
gons? Ú . Thelargerenergyin the26° bendis foundto decrease
to
�

1.7 eV/defect by rearrangingthe two fused pentagon-
heptagondefectsto the oppositesitesof the joint, asshown
in Fig. 3Û b�¶Ü . The bend junction Ý 10,10;16,2;26°Þ can� have
two
�

types of defect arrangements.The structureshown in
Fig.
"

3ß c��à is
v

found to bemorestablethanthat in Fig. 3á d9�â , b2 y
a( total energydifferenceof 0.42 eV. Theseconfirm that the
bend
�

energy decreaseswith decreasingnumber of defects
and( alsofrom fuseddefectsto isolateddefects.

It
&

is interestingto explorewhy all the bendmodelsob-
tained
�

from our MD simulationshave only two types of
pentagon-heptagon� defects:maximally separatedand fused
defects.
9

We have carried out accuratenonlocal density-
functional
*

theory ã b3lyp
� ä

calculations� for model molecules
containing� pentagonsandheptagonsin a hexagonalarray.15

TABLE I. Structuresandenergeticsof simulatedSWNT bendjunctions.

(
å
m2
æ ,nç 2

æ )/(è m1 ,n1) d2
æ /
U
d1 é nmêìë í

2
æ /
U¶î

1 , ° ï 0
ð , ° eV/atom junction

Junctionsto reacha relaxed34° bend ñ onedefect,i.e., onepentagon-heptagonpairòó
17,0ô /Uöõ 10,10÷ 1.331/1.356 0.0/30.0 30.0 ø 7.3134 S/Mù
17,1ú /Uöû 11,9ü 1.372/1.358 2.8/26.7 29.5 ý 7.3139 S/Sþ
16,2ÿ /U�� 12,8� 1.338/1.365 5.8/23.4 29.2 S/S�
15,4� /U�� 13,6� 1.358/1.317 11.5/18.0 29.5 � 7.3126 S/S

Junctionsto reacha relaxed26° bend � three



defects	

17,0� /U�� 12,8 1.331/1.365 0.0/23.4 23.4 � 7.3024

W
S/S�

17,1� /U�� 13,7� 1.371/1.376 2.8/20.2 23.0 S/M�
17,1� /U�� 11,9� 1.371/1.358 2.8/26.7 23.7 � 7.3098

W
S/S�

16,2� /U�� 13,6� 1.338/1.317 5.8/18.0 23.8 S/S�
16,2� /U�� 10,10� 1.338/1.356 5.8/30.0 24.2  7.3062

W
S/M!

16,3" /U�# 14,5$ 1.385/1.336 8.4/14.7 23.1 S/M

Junctions
%

to reacha relaxed18° bend & five
'

defects()
17,0* /U�+ 14,5, 1.331/1.336 0.0/14.7 14.7 - 7.3031

W
S/M.

17,1/ /U�0 13,61 1.372/1.317 2.8/18.0 15.2 S/S2
16,33 /U�4 12,85 1.385/1.365 8.4/23.4 15.0 6 7.2983

W
S/S7

15,48 /U�9 11,9: 1.358/1.358 11.5/26.7 15.2 S/S;
14,5< /U�= 10,10> 1.336/1.356 14.7/30.0 15.3 ? 7.3014

W
M/M
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It is found that the total energyandthe optimizedgeometry
prefer� two configurations.One is to maximally separatea
pentagon-heptagon� defectin the joint circumferencefor for-
mation; of a bendjunction as shownin Figs. 2@ d9BA and( 3C a(ED .
Theotheris to fusethedefectalongthe tubeaxis for forma-
tion
�

of a straight junction. One pentagonand one heptagon
lead
�

to morestablestructureswhenfusedtogetherthanwhen
separated\ by a C-C bondor a hexagon.Thus,we believethat
the
�

bendswith one maximally separateddefect are more
stable\ thanthe otherbends.We alsocalculatedthe energies
of-GF 10,10H /�JI 18,0KML 996

'
atomsN and( O 10,10P /�JQ 11,9RMS 960

'
atomsT

bends
�

with cappedtubesusingBrennerpotential.Theenergy
was4 found to be U 7.3138

0
and V 7.3129

0
eV/atom for these

two
�

bendswith bendanglesof 34° and4°, respectively.This
shows\ no significantenergypreferencefor thesetwo typesof
bends.
�

In otherword, thefusedpentagon-heptagonpair is not
lessstablethanan isolatedpair, asonemight believe.How-
ever,< this comparisonis not basedon thesametubeconstitu-
ents< andcapconfigurationsandthereforeis not conclusive.

It shouldbe mentionedthat W 34°
a

bendsare indeedob-
served\ more frequentlythan other small anglebendsin the
experimental< images.11 This

]
may be relatedto the fact that

34°
a

bendsaremorestablethanotherbends.Experimentally
it is difficult to detecta smaller sharpbend angle from a
transmission
�

electronmicroscopy X TEMY image. It can be
seen\ from Fig. 3Z f*\[ that

�
the 4° bendjunction with onefused

defect,
9

without atomicstructuresprovidedby thesimulation,
could� be identified as merely elastic bendingof a SWNT.
This problemwould be solvedif the detailedatomic struc-
tures
�

could be directly determinedexperimentallyor the
electrical< propertiescould be providedas we expecta sig-
nificant different in electrical propertiesbetweena SWNT
and( a SWNT junction.

V.
]

ELECTRICAL PROPERTIES OF BEND JUNCTIONS

The electricalpropertiesof a SWNT havebeenshownto
be
�

a function of tubestructuralparameter(m� ,2 n� )
7

within one^ -electrontight-bindingscheme.8 That
]

is, a SWNT (m� ,2 n� ) i
7

s
metallic (M ) i

7
f (m�`_ n� )

7
/3 is an integerand semiconducting

(
5
S
6

)
7

if it is not; andtheenergybandgapof a semiconducting
tube
�

hasaninversedependenceon thetubediameter.Thus,a
SWNT
�

bend junction, with structural parameters
(
5
m� 1 ,2 n� 1 ;m� 2 ,2 n� 2 ; a )

7
, can be a M

8
-M
8

,2 M
8

-S
6

, o2 r S
6

-S
6

junction.
Ï

The junction types as classifiedby the tube helicities are
shown\ in Table I. It must be pointed out that the one b -
electron< tight binding treatmentmay not be accuratefor
smaller-diameter\ tubes,becauseof significantc - d hybridiza-

/
tion
�

effects,andthe local-densityapproximatione LDA f may
be
�

better.This effect, however,can be ignoredfor tube di-
ameters( larger than 1.0 nm. Therefore,the classificationof
junction
Ï

typesin TableI shouldbe appropriate.
Theelectronicpropertiesof thebendjunctionswith small

tube
�

diameters( g 0.8
_

nm) have been studied using local
density
9

of state h LDOSi calculations� basedon the one j -
electron< tight-binding treatment.9,14

:
Our
k

interestis in com-
paring� the LDOS of the larger tubediametertube junctions
with4 thoseof smallerones,andin usingtransmissioncoeffi-
cients� to further understandthe electrical propertiesof the
SWNT
�

bendjunctions.
We
�

havedevelopedan algorithmto calculateLDOS and

transmission
�

coefficientsfor SWNT junctionsusing one l -
electron< tight-binding model and a Green’s-functiontech-
niqueD within the Landauer formalism. The principle and
method; of this algorithmarevery similar to thosepreviously
reported.9

:
This algorithm takesthe atom configurationsof

two
�

SWNT unit cells and the arrangementof atomsin the
junction
Ï

interfaceas inputs,and treatsthe terminal tubesas
infinitely long. In this work, we presentthe resultsof these
calculations� using a hoppingparameterof 3.1 eV for junc-
tions
� m

6,6
hon

/
�Jp

10,0q and( r 10,10s /�Jt 17,0u . Theunit cellsandinter-
faces
*

are definedin Fig. 2v d9Bw for
*

junction x 6,6
hoy

/
�Jz

10,0{ . One
unit! cell contains24 and 40 atoms (m j� )

7
for the metallic

tubes
� |

6,6
ho}

and( ~ 10,10� ,2 and 40 and 68 atoms(s j� )
7

for the
semiconducting\ tubes � 10,0� and( � 17,0� ,2 respectively.The
interfaceregioni

�
includesanisolatedpentagon-heptagonde-

fect, andhexagonsalongthe joint circumference.
The
]

unit-cell averagedLDOS’s are shown in Figs. 5� a(��
and( 5� b��� for

*
junctions � 6,6

h��
/
���

10,0� and( � 10,10� /�J� 17,0� ,2 respec-
tively.
�

The unit cells denotedby m j� and( s j� (
5
j
���

1,2,3, . . . )2
are( further away from the interfacefor larger valuesof j

�
.

Common
Ì

featuresto thesetwo junctions can be seen.The
LDOS
�

aremostdistortedin the interfaceregion,andasym-
metric; abouttheFermienergyof 0 eV. Theyindicatethatthe
distribution
9

of the unoccupiedstatesis moreaffectedby the
presence� of the pentagon-heptagondefectsthan that of the
occupied- states.Moving awayfrom the interface,theperfect
tube
�

DOSfeaturesarerecovered.TheLDOS at unit cellsm� 3
a

and( s� 4� showthe basicvan Hove singularitiesof the perfect
metallic and semiconductingtubes,respectively.Thesefea-
tures
�

arebasicallythe sameasthosepreviouslyreportedfor
junctions
Ï �

6,6
ho�

/
�J�

10,0� � Ref.
¡

14¢ and( £ 7,1
0o¤

/
�J¥

8,0
¦o§

.9
:

It
&

can be seen from the LDOS at S
6

(
5B¨

s� 4� ) and
M
8

(
5�©

m� 3
a

) that thereare more bandmodesfor larger diam-
eter< tubes ª 17,0« and( ¬ 10,10 than

�
for smallerdiametertubes®

10,0̄ and( ° 6,6
ho±

because
�

of more atomsor ² electrons< per
unit! cell in thelargerdiametertubes.Theenergygapis about
1.1 and 0.7 eV for semiconductortubes ³ 10,0́ and( µ 17,0¶
while4 a plateauextendsabout 2.2 and 1.3 eV for metallic
tubes
� ·

6,6
ho¸

and( ¹ 10,10º ,2 respectively.This confirms a d
¤¼» 1

dependence
9

for theenergygapof semiconductingtubes,and
also,( interestingly,for the energyplateauwidth of metallic
tubes.
�

The distancefrom the interfacewhere the semicon-
ductor
9

behavioris recoveredis interesting,aswell. We can-
notD seea significantdifferencein this distancebetweenthese
two
�

junctions, ½ 6,6
ho¾

/
�J¿

10,0À and( Á 10,10Â /�JÃ 17,0Ä even< though
the
�

energygapsin thesemiconductortubes Å 17,0Æ and( Ç 10,0È
and( the plateauwidth in the metallic tubes É 10,10Ê and( Ë 6,6

h�Ì
are( different.Thedistanceis Í 1.4nm, in agreementwith the
value� Î 1.5 nmÏ previously� reportedfor Ð 6,6

hoÑ
/
�JÒ

10,0Ó .14 In con-
trast,
�

the distancewasfound to increasefrom M
8

/
�
S
6

junction
Ï

Ô
8,0
¦oÕ

/
�JÖ

7,1
0o×

to
�

S
6

/
�
S
6

junction
Ï Ø

8,0
¦oÙ

/
�JÚ

5,3
#oÛ

.9
:

From theseobserva-
tions,
�

it seemsthat the distanceis more related to defect
numbersD and arrangementsthan the energygap considering
that
� Ü

8,0
¦oÝ

/
�JÞ

5,3
#oß

contains� threedefectpairsandtheothersonly
one- defect pair. In other words, junction interface size is
defect
9

dependent.It is also likely that the tight-binding ap-
proximation� usedin this work is not accurateenoughto de-
tect
�

the dependenceof the transitionzonelengthon the en-
ergy< gapor the tubediameter.

Figure4 showsa plot of the transmissioncoefficientver-
sus\ energyfor SWNT’s à 6,6

hoá
and( â 10,0ã and( their junction.
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The
] ä

6,6
h�å

tube
�

hastwo conductingmodesaroundthe Fermi
energy< and the transmissioncoefficient increasesas new
quasi-one-dimensional� subbandsopen æ also( seeLDOS plot,
Fig. 5ç . Thereis a window of energyaround3.1 eV è also( the
hopping
/

parameteré ,2 where the transmissioncoefficient is
eleven< due to the 11 subbandsthat areopen.For largeren-
ergies< subbandsbegin to closeand so the transmissionde-
creases.� The ê 10,0ë tube

�
is a semiconductorì see\ Fig. 5í and(

so\ the transmissioncoefficient aroundthe Fermi energyis

zero. The bandgap is about1.0 eV and for energiesaway
from the gap,subbandsopento yield a maximumtransmis-
sion\ of 9, afterwhich subbandsclose,resultingin a decrease
in the transmissioncoefficient. When a M /

�
S
6

junction
Ï

is
formed
*

betweenthe two SWNT’s, the transmissioncoeffi-
cient� exhibitsa gap.This gapis thesameasthatof theband
gap? of thesemiconductingtube;thesemiconductingtubehas
zero densityof statesat theseenergiesand so the incident
electron< from tube î 6,6

hoï
is
v

fully reflected.For energiesout-
side\ the gap, the transmissioncoefficient increaseson an
average( as the numberof modesincrease.Due to the pres-
ence< of the barrier at the M

8
/
�
S
6

interface,
v

the transmission
coefficient� is, however,smallerthanthat in eitherthe metal-
lic or the semiconductingtube side for all energies.While
the
�

transmissioncoefficient and the DOS of the uniform
tubes
�

are symmetricaroundthe Fermi energy,thoseof the
junction
Ï

are not. The transmissioncoefficientis smallerfor
positive� energies.

A
½

SWNT bend junction will exhibit the typical hetero-
junction
Ï

featuresof other typesof junctions,asshownfrom
LDOS calculationsof Chicoet� al.9

:
This
]

is furtherconfirmed
by
�

our calculationsfor both the LDOS andtransmissionco-
efficients< for theobservedSWNT junctionstructures.We are
going? to use low-temperatureSTM techniquesto measure
electrical< propertiesof the observedstructures.

VI. CONCLUSION

The SWNT bends,with diametersfrom ð 1.0 to 2.5 nm
and( bendanglesfrom 18° to 33°, are observedin catalytic

FIG. 4. The transmissioncoefficientvs energy ñ eVò .�

FIG. 5. Theunit-cell averagedLDOS vs energy ó eVô for junctions õ 6,6ö /U�÷ 10,0øúù aHüû and ý 10,10þ /U�ÿ 17,0��� b� . Solid lines: i interface;andmi
andH si,ô unit cells � seeFig. 2� cò��	� . Crosssymbols:perfectsemiconductingtubes 
 10,0�� a� andH � 17,0�� b� .
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decomposition
9

of hydrocarbonsat 600–1200°C. These
structures\ aremodeledusinga newalgorithmto connecttwo
SWNT’s
�

by introducingpentagon-heptagondefectpairs.It is
found
*

that a SWNT bend junction can be characterizedby
tube
�

helicities and the bend angle. The junction interface
structure\ or the numberand arrangementof defectsat the
interface
v

can be inferred from the tube helicities and bend
angle.( Structuraland energeticcalculationsusing MD and
molecularmechanicssimulationsshow a numberof stable
configurations� for the given bendanglesandtubediameters.
The
]

bendenergydecreasesfrom a fused to isolateddefect

arrangement( or with a decreasein defect numbers.The
LDOS and transmissioncoefficient calculations using a
tight-binding
�

algorithmsuggestthat theseSWNT bendsbe-
haveasM /

�
S
6

,2 M /
�
M , o2 r S

6
/
�
S
6

heterojunctions.
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